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1. Introduction
Transport between most organelles of the endo-
cytic and secretory pathways is a discontinuous pro-
cess mediated primarily by transport vesicles. Vesi-
cles form by budding, a process that involves not
only the local deformation of the membrane from
which they are derived, but also the selective inclu-
sion or exclusion of cargo and other membrane pro-
teins required for transport vesicle targeting, and
subsequent fusion with their intended targets.
It is now clear that the process of vesicle budding
involves the assembly of cytosolic protein complexes
into distinctive ‘‘coats’’. These coats are thought to
help drive budding, but also to control the selectivity
 .of cargo inclusion or exclusion molecular sorting
w x1–6 .
The first report of a coat on membranes was an
electron microscopic description of the accumulation
of yolk proteins by developing oocytes in the ovaries
of blood-fed mosquitoes. Electron-dense ‘‘bristles’’
were observed lining the cytoplasmic side of invagi-
nations of the plasma membrane and on small vesi-
cles close to the plasma membrane of the maturing
w xoocyte 7 . This work suggested that such coats could
be the agent responsible for the formation of mem-
brane vesicles. The coat material of isolated coated
vesicles consists primarily of clathrin heavy and light
w xchains 8–11 and additional protein complexes
termed ‘‘adaptors’’.
In this review we will describe vesicle formation
in the context of molecular sorting and the growing
family of adaptor complexes. This subject encom-
passes interactions within and between adaptor com-
plexes, the interactions between adaptors and the
contents of clathrin-coated vesicles and the vesicle-
forming apparatus, intracellular signaling molecules,
and the regulation of these interactions.
Fig. 1. Adaptors bridge the gap between vesicle-forming clathrin coats and the integral membrane cargo to be included in transport
vesicles. Adaptors are editors at the site of vesicle formation that determine which proteins are selectively included into the nascent
 .  .  .vesicle and, as such, determine the character of the vesicle and dictate its destination. a clathrin triskelion, b adaptor complex, c
 .selectively included integral membrane protein, d excluded integral membrane protein.
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2. Adaptins, adaptors, and clathrin-coated vesicles
w xAdaptors were predicted to exist 12 prior to their
discovery as agents that mediate the interaction be-
tween clathrin coats and the integral membrane pro-
teins that are incorporated into clathrin-coated vesi-
w xcles 13 . Adaptors are now known to be heterote-
trameric protein complexes that mediate the recruit-
ment of clathrin to sites of vesicle formation. Adap-
tors bridge the gap between clathrin coats and the
integral membrane proteins selectively included as
cargo in a vesicle derived via the clathrin-mediated
 .budding mechanism Fig. 1 .
The clathrin coat is one of several known protein
coats responsible for the sorting of membrane-associ-
ated molecules into transport vesicles within eukary-
 .otic cells Table 1 . Other protein coats with well
defined vesicle-form ing activities include
‘‘coatomer’’rCOPI, a heterotetradecameric protein
complex whose regulated assembly is responsible for
the formation of vesicles in the endoplasmic reticu-
lum and the Golgi complex, and COPII, which also
functions as a vesicle-forming coat complex in the
early secretory pathway. Caveolae, vesicle-like mi-
crodomains of plasma membrane and the trans-Golgi
 .network TGN of the secretory pathway and a
TGN-associated ‘‘lace-like’’ coat are two additional
coat-like components associated with membranes. The
caveolar coat is distinguished from other known coat
complexes in that it contains a palmitoylated protein
with an intramembrane domain, caveolin-1; other
known coat proteins are peripherally and transiently
w xassociated with membranes 3–5,10–19 .
Given the large number of possible sorting and
intracellular trafficking events, it is not surprising that
there may be more than 12 different coats, or combi-
nations of coats, to make intricate patterns of mem-
brane traffic possible. For example, polarized epithe-
lial cells must distinguish between subdomains of the
plasma membrane during secretion and prevent the
homogenization of the protein content of these do-
mains during endocytosis, recycling, and transcytosis.
Table 1
 .Intracellular membrane trafficking pathways and their associated protein coat complexes Pathway numbering refers to Fig. 2
PathwayrLocation Coat References
 .1 Endocytic pathway
 . w x1a Plasma membrane to early endosome ClathrinrAP-2; Caveolin 6,11,19
 . w x1b Early endosome to late endosome ? 55,135–137
 .  . w x1c Early endosome to plasma membrane recycling ? 6
 . w x2 TGN to late endocytic pathway ClathrinrAP-1 11
 .3 Secretory pathway
w xAnterograde COPI, COPII 3,4
w xRetrograde COPI 3,4
 . w x4 TGN to plasma membrane 6
Apical ?
Basolateral ?
 .5 Transcytosis
w xEndothelial Caveolin 19,138
Epithelial
 . w x5a Basolateral to apical ? 6,139
 . w x5b Apical to basolateral ? 140,141
 . w x6 Endosomerlate endosome to TGN ? 142,143
a w xLocalized coats without pathways TGN-associated AP-3 23
w xTGN-associated lace-like coat 16
w xTGN-associated caveolin 19
w xEndosome-associated clathrin 42
w xEndosome-associated COPI 144
aSee note added in proof.
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Fig. 2. Representative intracellular membrane trafficking path-
ways in a polarized epithelial cell. Numerical labeling of path-
ways correspond to pathways and coat proteins listed in Table 1:
 .  .  .1arbrc , endocytic pathway; 2 , trans-Golgi network TGN to
 .  .  .late endosome LE ; 3 , endoplasmic reticulum ER and Golgi
 .  .apparatus G of the secretory pathway; 4 , TGN to apical
 .plasma membrane APM and basolateral plasma membrane
 .  .  .  .BPM ; 5arb , transcytotic pathways; 6 , Endosome E to
 .  .TGN. Other symbols: lysosome Ly , endocytic vesicle EV ,
 .  .peri-nuclear recycling compartment RC , recycling vesicle RV ,
 .and nucleus N .
Fig. 2 diagrams nine known classes of sorting events
in polarized epithelial cells corresponding numeri-
cally to those described in Table 1. Assuming that
each coat is associated with a single transport event
or class of transport, for the 12 membrane trafficking
events described, there are six coat complexes at-
tributed to six sorting events. However, there are five
additional known protein coats TGN-associated AP-
3, lace-like coat, and caveolin; endosome-associated
.clathrin and COPI coatomer that may play a role in
the remaining sorting events or those not yet discov-
ered. For example, the recently discovered adaptor
complex AP-3 is recruited to the TGN at the sites of
non-clathrin-coated buds and is not associated with
clathrin-coated vesicles. Though the destination of
the putative vesicles derived as a consequence of
AP-3 binding is unknown, genetic data from D.
melanogaster strongly suggests a role in targeting to
w x  .melanosomes 20–23 Fig. 2 a2; Table 1 . In mam-
malian melanocytes, targeting of proteins to
melanosomes involves sequences similar to lysoso-
mal targeting in all cells. Moreover, the sequence
specificity of m3 adaptor subunits is remarkably simi-
lar to that exhibited by m1 subunits, despite m1 and
w xm3 being only ;27% identical 23,24 . Conceivably,
AP-1 and AP-3 adaptors might be involved in target-
ing different classes of lysosomal components from
the TGN to endosomes, or targeting to different
destinations e.g., early endosomes vs. late endo-
.somes .
There are two well characterized clathrin adaptor
complexes, AP-1 and AP-2, both of which consist of
two adaptin heavy chains of ;100 kDa each grb1
.or arb , respectively , and two additional chains, an2
 .;50 kDa medium chain m or m and an ;20 kDa1 2
 .  .small chain s or s Fig. 3 . The heterotetrameric1 2
structure of the adaptor has the appearance of a
Fig. 3. Adaptin Heterotetramers consist of two heavy chains, a
medium chain, and a small chain. Adaptors which are located at
differing region of the cell have a similar composition and
 .apparent structure. a AP-1 is found on the TGN and consists of
 .two heavy chains g and b of ;100kDa, a medium chain1
 .  .  .m , ;47 kDa, and a small chain s ;20 kDa. b AP-2 is1 1
similarly comprised of four subunits. The ;100kDa heavy
chains are designated a and b , the medium chain is m ,2 2
 .;50 kDa, and the small chain s , is ;17 kDa. c The adaptin2
heavy chains of adaptors consist of an amino-terminal head
domain, a proline and glycine rich hinge domain, and a
carboxyl-terminal ear domain. Other adaptors are similarly com-
prised.
( )D.A. Lewin, I. MellmanrBiochimica et Biophysica Acta 1401 1998 129–145 133
‘‘head’’ with two ‘‘ears’’, each on a ‘‘hinge’’ do-
main. The bulk of the adaptor is comprised of the
adaptin heavy chains whose amino-termini are in the
head domain and whose carboxyl-termini are on the
ears. The m and s chains are believed to lie between
the two adaptins within the head region of the adap-
w xtor 11,25,26 . In addition to the structural similarity
between adaptins, there is a great deal of sequence
homology suggesting conserved roles and interac-
 .tions within cells and between species Fig. 4 .
AP-1 is the heterotetrameric complex facilitating
clathrin-mediated budding and sorting in the TGN
 .Fig. 2, a2 . AP-2 is found on the plasma membrane
where it performs an analogous function in the for-
mation of endocytic clathrin-coated vesicles Fig. 2,
. w x a1 10,11,27–31 . AP180 also known as: F1-
 . .20rAP-3 see below rNP185rpp155 , which is
found exclusively in brain, is a soluble cytosolic
protein with a predicted molecular weight of ;
90 kDa, though its physical and electrophoretic mo-
 .bility suggest a protein of greater size 150–180 kDa
w x32,33 . AP180 has a domain structure similar to the
 .other known adaptins head, hinge, and ear , and
possesses clathrin binding and assembly activity as
observed for AP-1 and AP-2, however it is signifi-
cantly divergent in its sequence from other known
 . w xadaptins Fig. 4 10,11,32,34,35 . In addition, AP180
is capable of binding inositol phosphates, the conse-
Fig. 4. Phylogenetic tree of representative adaptins and b-COPs. Phylogenetic tree of adaptins and related proteins was compiled using
w x w xCLUSTAL V Method on DNAStar MegAlign Program 120,121 . Nomenclature of adaptins after Simpson, et al., 1997 23 . Accession
 . w x  .  . w xnumbers with references for sequences are as follows: Bovine b2 P21851 26 ; Bovine g1 X54424 and Mouse g P22892 122 ; C.
 . w x  . w x  . w x  .elegans a U28742 123 ; D. melanogaster a Y11104 124 ; D. melanogaster b X75910 125 ; D. melanogaster b-COP L31852
w x  . w x  . w x  .  . w x126 ; Human b-NAPrb3B U37673 39 ; Human b1 L13939 127 ; Human b3A U91931 and Human d U91930 23 ; Human
 . w x  .  . w x  . w x  .KIAA0121 D63876 128 ; Mouse a P17426 , Mouse a P17427 41 ; Rat a P18484 44 ; Rat AP180L S32327 and AP180Sa c c
 . w x  . w x  . w x  . w x  . w xS32326 35 ; Rat b-COP S13520 129 ; Rat b1 M77245 44 ; Rat b2 M34176 26,44 ; S. cere˝isiae ADB1rb1 P27351 130 ; S.
 . w x  . w x  . w xcere˝isiae ADB2rb2 P36000 131 ; S. cere˝isiae SEC26rb-COP P41810 132 ; S. cere˝isiae a X78214 133 ; U. mayis garc
 . w x  .  .  .Z46804 134 ; S. cere˝isiae YGR261crADB6rb3 Z73046 , S. cere˝isiae arg U36858 , D. melanogaster drGarnet U31351 are
 .direct submissions; Human g-like Unpublished observations of D.A.L., I.M., J.A. Whitney, C.E. Ooi, J.S. Bonifacino .
( )D.A. Lewin, I. MellmanrBiochimica et Biophysica Acta 1401 1998 129–145134
quence of which is an inhibition of clathrin assembly
in vitro, thus suggesting a regulatory role for AP180
in the formation of neuronal clathrin-coated vesicles
w x36–38 .
Recently, a cDNA for another neuronal-specific
 .adaptor NAP was cloned which encodes a novel
w xb-adaptin-like molecule called b-NAP 39 , also
w xknown as b 23 . Antibodies against this protein or3B
against a rat neuronal-specific m-chain isoform, p47B,
immunoprecipitate a heterotetramer that contains two
additional proteins of 160 and 25 kDa. p47A is an-
other novel rat m-chain isoform with a wider tissue
distribution than that of p47B, suggesting that there
may exist a non-neuronal form of b-NAP, an addi-
tional novel heavy chain, and a corresponding s
chain that comprises another adaptor complex. This
novel adaptor heterotetramer is referred to as ‘‘AP-3’’
and does not appear to contain AP180, which is also
w x known as AP-3 20,40 . For clarity, in the future
.AP-180 probably ought not be referred to as AP-3.
AP-3 is a heterotetrameric complex consisting of a
ubiquitously expressed b-NAP isoform, b , a3A
w xmedium chain, p47Arm , a small chain, s 21–23 ,3 3A
w xand a novel adaptin heavy chain, d-adaptin 23 .
Given the homology of b-NAPrb to the known3B
 .b-adaptin isoforms Fig. 4 and its Golgi localization,
the 160 kDa protein co-immunoprecipitated with b-
NAP and p47B may represent d-adaptin or a d-adap-
tin isoform, and the 25 kDa protein may be a novel
s-like molecule. Although the b-NAPrAP-3 com-
plex has qualities similar to known adaptors, it does
not colocalize with clathrin on the TGN, distinguish-
ing it from the AP-1 and the AP-2 adaptors. The
failure of AP-3 to colocalize with clathrin strongly
suggests the existence of a novel coat or a novel
association of an adaptor with a known coat
w x20,23,39 .
In addition to the identification of AP-3 and the
multiple isoforms of b-adaptins, there are two iso-
forms of a-adaptins, a and a . a -adaptin is neu-a c a
ronal-specific and a -adaptin is more widely dis-c
w xtributed 41 . Further, there are clathrin buds on
endocytic structures that are not associated with any
w xknown adaptor components 42 . In addition to the
novel s chains and adaptin heavy chains that have
w xrecently been described 21,23,43 , a novel g-adap-
tin-like molecule has been cloned which is likely to
be a component of another novel adaptor complex.
This novel g-adaptin-like molecule, though smaller
than g-adaptin, retains all the primary sequence hall-
marks of a true adaptin unpublished observations of
D.A.L., I.M., J.A. Whitney, C.E. Ooi and J. Bonifa-
.  .cino Figs. 3 and 4 .
The plethora of novel adaptor components raises
the possibility that there may be additional adaptors
and coats associated with membranes at every level
of protein traffic in eukaryotic cells. The cell may
take a combinatorial approach to addressing the com-
plexity of intracellular transport, and the probable
requirement for unique coats at each sorting junction,
by using combinations of adaptins, m chains, and s
chains to create unique adaptors specific for a sorting
event.
3. Interactions within adaptors, between adaptors
and transmembrane receptor proteins, target
membranes, clathrin and other cytosolic proteins
The domains and subunits of the adaptors interact
with clathrin, regulatory components of the vesicle
budding apparatus, and the cytoplasmic tails of inte-
gral membrane proteins. The interaction between the
cytoplasmic tails of integral membrane proteins and
adaptors determines the identifying characteristics and
cargo of the resulting transport vesicle.
The adaptin subunits of AP-1 and AP-2, g-rb -1
adaptins and a-rb -adaptins, respectively, can di-2
rectly bind to clathrin. Both b1- and b2-adaptin bind
w xto clathrin 44,45 and b2-adaptin has been shown to
do this via its hinge domain. Presumably, the same
will hold true for b1-adaptin given the high degree of
conservation in the hinge domains, and the proposed
w xclathrin-binding boxes therein, of b-adaptins 46 .
 w x.a-adaptin and g-adaptin, unpublished results 47
interact with clathrin via their amino-terminal head
w xdomains 47 . In addition to its interaction with
clathrin, the amino-terminal head domain of a-adap-
tin has been shown to interact with the phosphory-
lated cytoplasmic tail of the epidermal growth factor
 . w x  .EGF receptor 29,48,49 Fig. 5 .
Down-regulation of the mitogenic signal initiated
upon binding of EGF to its receptor is begun by the
clathrin-mediated endocytosis of the ligand with its
receptor. The EGF receptor is autophosphorylated
subsequent to ligand binding, then the receptor and
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ligand is rapidly internalized and targeted to lyso-
somes where the receptor and ligand are degraded
w x50–52 . AP-2 can be thought to bridge the gap
between the cytoplasmic tail of the EGF receptor and
clathrin in an EGF receptor phosphorylation depen-
dent manner. This conditional interaction results in
the regulated interaction between the signaling recep-
tor and the mechanism of the down regulation of its
signal.
AP-1’s interaction with the mannose-6-phosphate
 .receptor M6PR in the TGN results in the M6PR
being sorted to endosomes in a clathrin-dependent
w xmanner 18,30,53 . Presumably, the M6PR interacts
with AP-1 analogously to the EGF receptorrAP-2
interaction, particularly in light of the observation
that a casein kinase II phosphorylation site in the
cytoplasmic tail of the M6PR is essential for high
w xaffinity binding of AP-1 54 . Though the M6PR
appears to be constitutively sorted to the endocytic
pathway from the TGN, this constitutive trafficking
may be modulated by ligand-binding thus making the
M6PR’s interactions with AP-1 more similar to that
w xof the EGF receptor and AP-2 18,29,30,55 .
The m chains of AP-1 and AP-2 specifically bind
to the YXXf motif found in the cytoplasmic tails of
some integral membrane receptor proteins incorpo-
rated into budding clathrin-coated vesicles at the
plasma membrane Ys tyrosine, Xsany amino acid,
. w xand fsbulky hydrophobic amino acid 56 . A fu-
sion protein with the cytoplasmic tail of TGN38 can
bind AP-2 complexes in vitro. This binding can be
competed using peptides containing the YXXf mo-
tif, for instance YQRL found in TGN38. The N-
terminal addition of NPV to yield a peptide
NPVYQRL, which creates an NPXY endocytic motif
found in the LDL receptor, is not as potent an
inhibitor of the interaction between the cytoplasmic
w xtail of TGN38 and AP-2 as YQRL alone 57 . The
context of the clathrin coated pit localization motif
NPXY, NPVY in the LDL receptor, has been demon-
strated to influence the basolateral sorting of the LDL
w xreceptor in MDCK cells 6,58 . This is in agreement
with the observation that the environment of the
YXXf motif influences its interaction with AP-2
w x24 .
 .The di-leucine or LL -based internalization, lyso-
somal targeting, and basolateral sorting signal, does
not appear to interact directly with either of the m
w xchains associated with AP-1 or AP-2 in vitro 56 .
However, surface plasmon resonance studies describe
interactions between these adaptor complexes and a
peptide containing a di-leucine sorting signal replac-
ing the canonical YXXf motif in the context of the
w xinfluenza hemagglutinin cytoplasmic tail 59 . In ad-
 w x.dition, there is unpublished data see 60 suggesting
that di-leucine motifs may mediate sorting of Fc
Receptor II by virtue of their interaction with AP-1
and AP-2 complexes. These data imply an alternate
site of interaction between adaptors and the cytoplas-
mic tails of di-leucine motif-containing integral mem-
brane proteins, if not the existence of additional coat
w xcomplexes 6,56,61 .
As yet, there is no specific function known for the
s chains of adaptor heterotetramers, though there is
strong evidence that, together, the m and s chains
may play a role in adaptor targeting to membranes
w x62 . Targeting of AP-1 and AP-2 to membranes is
directed by the head portion of the adaptor hetero-
tetramer. Expression of chimeras between a-adaptin
and g-adaptin demonstrate that the amino-terminal
portion of these adaptins can mediate proper mem-
brane localization, even in the absence of the car-
w xboxyl-terminal ear domain 63 . Expression of more
refined chimeras within the amino-terminal domain
of a-adaptin and g-adaptin demonstrates the ability
of the head domain to direct the targeting of the
adaptor heterotetramers correlates with coassembly of
the adaptins, the m chains, and the s chains. The
arg chimeras have begun to define specific domains
for binding of m and s chains in the adaptins of the
AP-1 and AP-2 complexes. The targeting of the
chimeric heterotetramers is strongly influenced by
which m and s chains are associated with the com-
plex. In addition, the chimeras demonstrate that the
targeting of the adaptor is not influenced by the
w xbinding of a specific b-adaptin isoform 62 . There-
fore, target recognition by adaptors appears to be the
sum of the interactions of arg-adaptin, m, and s
with the target. The primary role of the b-adaptin
isoforms, assisted by a-adaptin and g-adaptin, ap-
pears to be to interact with the clathrin coat.
The target for adaptors on membranes where a
vesicle is to form may be an integral membrane
adaptor receptor, or peripheral membrane protein,
that is a resident of the membrane to which the
adaptor must bind. Binding of adaptors to the mem-
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brane may result in the formation of a clathrin lattice
which might accumulate cargo molecules prior to, or
concomitant with, the formation of a clathrin-coated
w xendocytic vesicle 11,64,65 .
Synaptotagmin I is a Ca2q-binding integral mem-
w xbrane protein found in synaptic vesicles 66–68
which is a high affinity receptor for AP-2 by virtue of
 .one of its calcium-binding C domains. Treatment2
of isolated synaptic vesicles with protease removes
the cytoplasmic tail of synaptotagmin I from the
vesicles resulting in highly diminished AP-2 binding
w x69 . If AP-2 binding to synaptotagmin I is required
for recovery of synaptic vesicle membranes from the
plasma membrane after neurotransmitter release, then
there should be a reduction in the number of synaptic
vesicles at nerve termini when synaptotagmin I is
perturbed. In the nematode Caenorhabditis elegans,
mutation of the snt-1 gene results in an altered
synaptotagmin leading to a reduced synaptic vesicle
phenotype. This observation supports the hypothesis
that AP-2 binding to synaptotagmin is required for
the clathrin-mediated recycling of synaptic vesicle
w xmembranes 70 .
An alternative to the binding of adaptors to resi-
dent adaptor receptors, is the binding of adaptors to
an integral membrane receptor which has bound lig-
and. The receptor, destined to be incorporated into
clathrin-coated transport vesicles of the endocytic or
secretory pathways, may trigger the formation of
clathrin coated vesicles or be incorporated in to pre-
w xexisting clathrin-coated pits or buds 30,53,59,71 .
Incorporation into a nascent vesicle may occur in
conjunction with an additional regulatory element,
such as a membrane modifying enzyme, thereby cre-
ating a membrane binding site for adaptors leading to
the formation of a clathrin-coated vesicle.
One candidate for such a regulatory element may
 .be an ARF ADP-ribosylation factor . ARF proteins
are small GTPases of the ras superfamily of GTP-bi-
nding proteins whose guanine nucleotide-binding state
regulates the association of coat proteins to mem-
w xbranes, among other activities 18,72,73 . ARF1 regu-
lates the activity of phospholipase D, whose activity
is sufficient to stimulate the binding of coatomer to
w xGolgi membranes 74–76 . ARF proteins appear to
indirectly interact with growth factor receptors via
 .the activity of phosphoinositide PI 3-kinase. GRP-1
 .general receptor for phosphoinositides contains a
Sec7-like region in addition to the pleckstrin homol-
 .ogy PH domain which binds phosphatidylinositol
 . w x3,4,5 -P 77 . The Sec7 domain of another protein3
related to GRP1, ARNO, has nucleotide exchange
 .activity GDP to GTP for ARF1 and contains a PH
w xdomain 78 . ARF proteins in their GTP-bound con-
formation are capable of recruiting coat proteins,
adaptins, clathrin, and coatomer, to membranes where
w xthey participate in vesicle formation 3,79,80 .
It is possible that the machinery of protein sorting
interprets mitogenic signals generated by growth hor-
mone receptors indirectly. This may occur as a conse-
 .quence of phosphatidylinositol 3,4,5 -P binding to3
PH domains in Sec7-homology domain-containing
proteins, such as ARNO, when ligand binding to
growth factor receptors results in phosphatidylinosi-
 .tol 3,4,5 -P production. Thus the cell may attenuate3
mitogenic signals by sorting the receptors and ligands
for destruction in a manner which is sensitive to the
w xmitogenic signal 77,81 .
The role of signaling molecules is not limited to
the traffic of hormone receptors at the plasma mem-
brane. Transport from the TGN to the lysosome
mediated by the mannose-6-phosphate receptor is
dependent upon PI3-kinase activity. Inhibition of
PI3-kinase by the fungal metabolite wortmannin or
the compound LY294002 causes the mistargeting of
procathepsin-D, a lysosomal hydrolase, to the plasma
w xmembrane where it is secreted into the medium 82 .
Recycling of mannose-6-phosphate receptor from late
endosomes back to the TGN, however, is not depen-
dent upon the activity of a PI3-kinase effected by
w xwortmannin and LY294002 83 .
Regulation of adaptor binding and clathrin assem-
bly might also occur by the phosphorylation of an
integral membrane protein which is then incorporated
into the vesicle by virtue of an interaction with an
adaptor. Incorporation into a coated vesicle of an
integral membrane receptor, such as the EGF recep-
tor, may be initiated by the binding of its ligand
w x29,48 , though this may or may not be the case for
w xthe M6PR 30 . A change in the quaternary structure,
dimerization induced by ligand binding of the EGF
receptor, followed by autophosphorylation, may re-
sult in the receptors inclusion into a clathrin-coated
vesicle when the YXXf motif in the EGF receptor
. w xYARL becomes accessible to AP-2 57,84–86 .
However, the requirement for phosphorylation of the
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EGF receptor prior to its association with AP-2 is
w xcontroversial 48,87 .
4. Regulation of adaptor interactions
4.1. Protein–protein interactions
Though there are many interactions between
adaptins, cargo, putative adaptor receptors, clathrin,
and other proteins, the chronology of events, their
physiological importance, and the identity of all the
players is poorly understood. Whether interactions
between the coat components and the membrane-as-
sociated contents of budding vesicles occurs sequen-
tially or simultaneously, surely some are transient
while others must endure to the point of vesicle
formation. The apparatus of clathrin-coated vesicle
formation, in addition to adaptors and clathrin, seems
to involve a number of interactions with intracellular
signal transducing molecules, GTP-binding proteins,
and phosphatidylinositol modifying and binding pro-
teins.
The best studied model for the regulated internal-
ization of a plasma membrane receptor is the EGF
receptor. The study of the down-regulation of the
signals generated subsequent to the binding of its
ligand have revealed some of the events leading to
the EGF receptors internalization via clathrin-media-
ted endocytosis. Ligand-induced dimerization leads to
the inclusion of the receptor into clathrin-coated pits
and vesicles. For this to occur, the cytoplasmic tails
 .of the receptors must interact with adaptins Fig. 5 .
The interaction between AP-2 and the EGF recep-
tor cytoplasmic tail is both direct and indirect
w x48,86,88 . However, the recruitment of adaptor com-
plexes to the site of vesicle formation may require the
activity of lipid-modifying enzymes PI3-kinase,
. w xphospholipase D 75–77,80,81,89 , a small GTP-bi-
w xnding protein of the ARF family 75,76 , in addition
to the presence of the canonical YXXf motif on the
cytoplasmic tail of the receptor. Once associated with
the nascent clathrin-coated vesicle, the transient inter-
actions between the activated receptor and the cytoso-
lic signal-transduction apparatus may be significantly
reduced given the close association of the
adaptorrclathrin lattice with the membrane of the
vesicle and its contents. In addition, the cytosolic
proteins associated with purified clathrin-coated vesi-
cles appear to consist primarily of clathrin and adap-
w xtor molecules 14,90,91 , although it is possible that
the signal transduction apparatus may be present in
catalytic amounts.
The vesicle formation is complete when the activ-
ity of dynamin, another GTP-binding protein, results
in the scission of the nascent vesicle from the plasma
membrane. Dynamin is believed to interact both di-
rectly and indirectly with a-adaptin in the AP-2
w xadaptor complex 88,92 . Many of the direct interac-
tions between components of the clathrin-coated vesi-
cle forming apparatus, including that of dynamin and
a-adaptin, have only been observed in vitro, however
the intracellular location of many of the elements
described above have been observed in close proxim-
ity in vivo.
The hinge regions of AP-2 are proline-rich and
w xaccessible to soluble proteins 25,26 . The proline-rich
regions of a-adaptins have been shown to be suitable
w xbinding substrates for Grb2 88 , which contains a
 .single Src homology 2 SH2 domain flanked by two
w xSH3 domains 93 and is required for the ligand-de-
pendent endocytosis of the EGF receptor to which
w xGrb2 directly binds 86,93 . The SH2-containing pro-
tein Shc, binds to AP-2 and the phosphorylated ty-
rosines of EGF receptors. The binding of Shc may
occur directly with the EGF receptor or indirectly via
w xGrb2 which can bind to phosphorylated Shc 93,94 .
The SH2 domain of Grb2 binds to phosphorylated
w xShc and phosphorylated EGF receptor 95 ; thus the
activated EGF receptor may be linked directly and
indirectly to a-adaptinrAP-2 leading to the receptor’s
w x  .ligand-stimulated internalization 86,88,94 Fig. 5 .
The tyrosine kinase activity of the EGF receptor is
w xrequired for coated pit inclusion in vitro 52,96 ,
though kinase negative receptors resulting from a
point mutation in the tyrosine kinase domain show
only a minimal reduction in EGF-stimulated endocy-
w xtosis in vivo 97 . The association the EGF receptor
with AP-2 may or may not require that the cytoplas-
w xmic tail of the receptor be phosphorylated 48,87 . A
substrate for the EGF receptor’s tyrosine kinase activ-
ity is Eps15, a protein that binds to the ear domain of
w xa-adaptin 98 . This soluble cytosolic protein is con-
stitutively phosphorylated, has multiple domains that
may bind calcium, contains several heptad repeats
which may represent a central coiled-coil region, and
( )D.A. Lewin, I. MellmanrBiochimica et Biophysica Acta 1401 1998 129–145138
Fig. 5. Model for protein–protein interaction cascade induced by ligand binding to a receptor tyrosine kinase. Non-temporal view of
protein–protein interactions that occur as a consequence of ligand-binding to a integral membrane protein receptor. Not all described
interactions may endure until the final step of vesicle formation, however all of the described interactions have been demonstrated to
 .occur either in vitro andror in vivo see text for details . Ligand binding causes the rapid internalization via clathrin-mediated
 .endocytosis and subsequent degradation of epidermal growth factor EGF and the EGF-receptor. Binding of EGF to the EGF receptor
activates the tyrosine kinase activity of the receptor, exposes the endocytic internalization motif YXXf recognized by AP-2’s m chain
 .  .thin arrow , and initiates a number of interactions between cytosolic proteins and cytosolic proteins and tyrosine phosphorylated P
EGF-receptor: dynaminrGrb2; Grb2ra-adaptin; Grb2rP-Shc; and between P-Shc and the EGF receptor. Many interactions are between
 .  .Src homology 2 SH2 domains and phosphotyrosine or Src homology 3 SH3 domains and the proline-rich regions of adaptins and
dynamin. Eps15 is a kinase substrate of the EGF receptor that is constitutively associated with AP-2. Eps15 may be involved in the
polymerization of AP-2 or a calcium-mediated interaction of adaptors with the negatively charged head groups of membrane lipids
 .generated by ARF-regulated phospholipase activity see text . All of these interactions may be required sequentially or simultaneously for
the EGF-induced clathrin-mediated internalization of the EGF-receptor. Thick arrows indictate regions of interaction between AP-2 and
 .clathrin see text for details .
a domain similar to one found in End3p End3p is
required for endocytosis of the a-factor pheromone
. wof the budding yeast Saccharomyces cere˝isiae 99–
x101 . Two yeast mutants defective in endocytosis,
dim1-1 and dim2-1, were found to have defects in
 .genes containing an EH domain Eps15 Homology
further supporting the suggestion that Eps15 plays a
w xrole in endocytosis 102,103 .
The presence of putative calcium binding domains
may allow Eps15 to interact with membranes. If
Eps15 is dimeric, the coiled-coil might allow Eps15
to participate in the polymerization of adaptors as the
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w xnascent vesicle forms 65,101 . The carboxyl-terminal
domain of Eps15, which contains a number of DPF
 .repeats Asp–Pro–Phe , is responsible for the bind-
ing of this molecule to the ear domain of a-adaptin
as demonstrated by coprecipitation studies with fu-
w xsion proteins derived from Eps15 and a-adaptin 98 .
Further, Eps15 has been localized by immunoelectron
microscopy to coated pits at the plasma membrane
w xand to coated vesicles 104 .
In addition to AP-2’s direct, and indirect, interac-
tions with the EGF receptor, a-adaptin binds to dy-
w xnamin as noted above 11,105–107 . Thus, the last
step of vesicle formation, fission, is linked with the
initial steps of vesicle formation: the interaction of
adaptors with the molecules which are to be included
in the nascent vesicle.
4.2. Chickens or eggs? ARFs, phospholipases, ki-
nases, second messenger generation, and protein–
membrane interactions
The regulation of interactions between adaptors
and membranes, and the interaction between adaptors
and clathrin, has an additional level of complexity.
There is growing evidence that the lipid composition
of membranes and phosphatidylinositol second mes-
sengers may define the site of vesicle formation and
facilitate the association, or disassociation, of adap-
w xtors to membranes 65,89 .
Recently, it has been demonstrated in vitro that
 .phosphatidylinositol 3-P PtdIns 3-P , but not other
phosphatidylinositides, enhances the association of
free AP-2 with peptides containing the Yxxf motif.
The binding of Yxxf by AP-2 that is associated with
clathrin coats is not enhanced in the presence of
PtdIns 3-P. These results imply that PtdIns 3-P acts
prior to the incorporation of AP-2 and Yxxf motif-
containing integral membrane proteins into clathrin-
w xcoated pits 108 . These observations correlate well
with other evidence of PI3-kinase activity in mem-
brane traffic and suggest a chronology of events for
the incorporation of integral membrane proteins into
w xcoated pits 82,89,108 .
Coat-mediated vesicle formation may be the con-
sequence of lipid modification caused by receptor-
ligand interactions directly activating phospholipase
 .  .C PLC , phospholipase D PLD and phosphoinosi-
tide kinases, or indirect activation of these enzymes
via heterotrimeric G-proteins and small GTP-binding
proteins that interact with membrane receptors in a
w xligand-dependent manner 75,76,80,89,109 . If the ac-
tivated EGF receptor is capable of creating a mem-
brane micro-environment by causing the activation of
w xphospholipase and PI3-kinase 51,77,81,110 , it may
generate an optimal environment for AP-2 binding
w xand clathrin recruitment 31,75,80,89,93 . By such a
mechanism, the activated EGF receptor may be able
to direct its down-regulation by modulating the char-
acter of the membranes in which it is contained.
What is responsible for the constant remodeling of
membranes to allow for constitutive vesicle forma-
tion? The M6PR is constitutively trafficked from the
TGN to endosomes in AP-1rclathrin-derived vesicles
w x10,53,55 . Association of AP-1 on the TGN is de-
pendent upon the interaction of the M6PR and ARF1
to generate a high affinity binding site for the adaptor
and the amount of AP-1 associated with the TGN is
dependent upon the extent of expression of the M6PR
w x18,111 . If this association occurs chronically, per-
haps stimulated when ligand is associated with the
M6PR, then this would allow for the constant forma-
tion of clathrin coated vesicles from the TGN. Traf-
ficking of the M6PR may be more like that of
constitutively trafficked receptors, such as the trans-
ferrin receptor, mannose receptor, and LDL receptor,
as opposed to the more highly regulated traffic of
w xgrowth hormone receptors 112 .
 .The fungal metabolite Brefeldin A BFA is an
inhibitor of the exchange of GDP for GTP by ARF1.
Addition of BFA to some cell types causes the
redistribution of intracellular membranes by disrup-
tion of the ability of ARFs to mediate the binding of
coat proteins to membranes; AP-1 and b-COP be-
wcome cytosolic in the presence of BFA 3,74,113–
x115 . ARF1 regulates the activity of phospholipase D
w x75 and mediates the association of clathrin on the
w xTGN 115 . The activity of phospholipase D is suffi-
cient to recruit coatomer to Golgi membranes or
w xliposomes in the absence of ARF1 76 . Interestingly,
AP-2 binding to plasma membrane is not affected by
w xtreatment with BFA 115 . ARF6 has been localized
w xto the plasma membrane 116 , though the exclusivity
w xof this localization is not clear 117 , and its localiza-
tion to the plasma membrane is insensitive to BFA
w xtreatment 116 .
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ARF1’s role in clathrin recruitment to membranes
may be to regulate the generation of membrane mi-
crodomains suitable for adaptor binding. The contin-
ual arrival of proteins to be sorted at the TGN may be
sufficient to provide a constant source of sites of
interaction for ARF1 with membranes, thus resulting
in the activation of a phospholipase and leading to
the constitutive recruitment of AP-1 to the TGN
membrane. The resistance of AP-2 and ARF6 to BFA
treatment may indicate that they are functionally
connected in a manner analogous to AP-1 and ARF1.
If the membrane-associated ARF6 is not shifted to
the cytosol in the presence of BFA, and AP-2’s
localization to the plasma membrane is ARF6-depen-
dent, then one would not expect AP-2 to become
cytosolic in the presence of BFA.
5. Conclusion
It is likely that the mechanism of clathrin-mediated
vesicle formation is conserved, whether the need for
vesicle formation is chronic or acute. It is reasonable
to describe the endocytic down-regulation of acti-
vated EGF receptors as an acute event which must be
achieved in coordination with mitogenic signal prop-
agation. Down-regulation of the EGF receptor is
concluded when the receptor and its ligand is de-
graded, however it is possible that it is attenuated by
varying the rates of internalization and recycling as a
function of its inclusion in clathrin-coated vesicles.
Recently, it has been shown that phosphorylation is a
negative regulator of AP-1 and AP-2 association with
membranes in vivo and that phosphorylated adaptors
cannot support the in vitro assembly of clathrin cages
w x118 . The ability of EGF receptor to influence the
attenuation of its mitogenic signal upon ligand bind-
ing may be a delicate balance between the activity of
a number of kinases and phosphatases, all of which
may have different activities depending upon their
intracellular microenvironment.
The chronic clathrin-mediated trafficking of recep-
tors, such as the human transferrin receptor, LDL
w xreceptor, and M6PR 112 , or the formation of synap-
w xtic vesicles 119 , may occur without the EGF recep-
tor’s degree of regulatory constraints. Though the
regulation of the formation of vesicles may be differ-
ent depending upon whether the need for it is chronic
or acute, the end result is the formation of a clathrin-
coated vesicle that contains a defined and enriched
population of integral membrane proteins containing
all the necessary components to ensure the delivery
of its cargo to the appropriate destination.
Future directions in the investigation of adaptins
and adaptor complexes will likely focus upon better
understanding the events that occur to regulate the
interaction between these vesicle forming proteins
and the membranes with which they interact. The
search for novel adaptors that mediate sorting events
which are known to occur, but for which there is no
known mechanism, is ongoing and will lead to a
better understanding of the establishment and mainte-
nance of complex intracellular sorting phenomena.
6. Note added in proof
Recently, it has been demonstrated that the AP-3
complex is required for sorting from the Golgi to the
vacuole in budding yeast C.R. Cowles et al., The
AP-3 adaptor complex is essential for cargo-selective
 .transport to the yeast vacuole, Cell 91 1997 109–
.118 .
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